SUMMARY The dentitions of 23 skulls, mostly excavated from a 'plague pit 7 dating from 1348, were investigated using a Reflex Metrograph. The measurements obtained were compared with those from a modern control sample. It was found that in the medieval dentitions the arch widths were significantly wider, arch lengths and tooth lengths smaller, and the degree of irregularity of the teeth was greater than a modern group.
Introduction
Differences in the dentitions between races and time periods have been noted in the literature (Keith, 1924; Smyth, 1934; Brash, 1956) . From such studies an insight into the evolution of the dentition and the possible causes of malocclusion may well become evident.
Increased occlusal and interproximal attrition has been recorded by numerous workers (Campbell, 1925; Shaw, 1931; Begg, 1954; Murphy 1964) . The relationship to malocclusion and crowding, in particular, has been the cause of speculation and it is widely considered that crowding, especially late lower incisor crowding seen in technologically advanced races, is due to lack of interproximal attrition (Begg, 1954; Murphy, 1964; Wolpoff, 1971) . Therefore, it would follow that in those dentitions with considerable attrition, little crowding would be evident.
Diet may have an effect on attrition, but may also alter muscle activity and function. Decreased magnitude and duration of masticatory forces have been implicated in explaining decreases in length, width, and bulk of the jaws (Watt and Williams, 1951; Beecher and Corruccini, 1981) .
The opportunity to investigate dentitions from the fourteenth century may well give further insight into the incidence of malocclusion and the development of the shape of the arch seen in the present day.
Materials and methods

Medieval material
The dentitions examined were from the medieval period and comprised 23 skulls from the skeletal remains excavated in the Central London area. (A typical example is shown in Figs 1 and 2 ). There were three main sites of burial that made up the sample: one was a 'plague pit' (mass burial site used for victims of the bubonic plague) and dated from precisely AD 1348. The other two were hospital cemetery sites in the Norton Falgate and Spitalfields areas of London. Both these sites were broadly contemporaneous with the first group. The dating of this material was supplied by Dr Rackham of the Museum of London. All the individuals in the plague pit were known to be buried during the one year, while the cemetery burials were over a relatively short time.
To select a particular skull for inclusion in the study certain features were required:
(1) all teeth present in upper and lower jaw, from first permanent molar to first permanent molar; (2) no deciduous teeth present; (3) no developmentally missing teeth in the segments mentioned; (4) the palate had to be intact, although maxillae that were detached from the skull base, but satisfied the above conditions were included.
Where teeth were dislocated from their sockets, they were replaced and secured using modelling wax. The occlusion was checked as an added guide to their correct repositioning.
Each skull was aged following a method described by Miles (1962) which compares the amount of occlusal attrition with a previously calibrated scale using skulls of known age at death. This was carried out by three operators and the ages obtained by each were averaged. Consideration was given to sexing the medieval skulls, but as the post-cranial skeleton was not available for examination in many of the individuals, it was thought that any attempt to determine the sex would be unpredictable. The accuracy of sexing from only cranial material has been suggested to be at best 90 per cent (Giles and Elliot, 1963) . The most predictable method is by examination of the pelvic skeleton and even here many problems can arise (Sagne, 1976) . As the post-cranial skeletons were not available for examination and there were no burial records due to the numbers placed in each grave, it was decided not to divide the medieval sample into male and female groups. It has been shown in numerous studies that arch dimensions do vary according to sex; however, from O'Connell's work (1988) on Omani populations, this has been shown to occur to a statistically significant level in younger age groups only. In this study the mean age of the two groups were in the mid-twenties (Tables 1   Table 1 and 2), which is likely to reduce differences occurring due to sex.
Modern control sample
Plaster study casts made from alginate impressions of 27 individuals were used for this purpose. Similar characteristics to those used for selecting the skulls were present in this sample. The sample was selected from colleagues and members of the general population, all were of Northern European origin. When the data from these controls had been collected the selection of 23 was carried out to match for age those in the medieval group. 
Measuring devices
For the majority of measurements, specific points on the teeth were digitized using a threedimensional digitizer, the Reflex Metrograph (Ross Instruments Ltd, Morgans Vale Road, Red Lynch, Salisbury, Wilts, UK), linked to a computer (Viglen 286; Fig. 3 ). An appropriate program was written by the late Professor W. J. B. Houston, to calculate the required measurements.
The following points were digitized (Fig. 4 ):
1. Mesial and distal anatomical contact points of all teeth. 2. A point, MM, which was denned as the mean point between the mesial anatomical contact points of the upper central incisors, as judged by eye. 3. A mid-palatal point (P), defined as the point on the hard palate in the midline and in line with the distal contact points of the upper first molars. 4. Buccal cusp tips of all buccal teeth (6-6), both buccal cusps of molars, and a midpoint on the incisal edge for the incisors. 5. Canines also had points digitized which were judged to be the most buccally and laterally placed point on the buccal surface at the level of the anatomical contact point (3BM).
The following distances were calculated (Figs 5 and 6): using the computer, distances between the points were calculated and any required measurements made. Arch lengths and lengths of sections of arches were calculated. Arch widths were measured across buccal cusp tips, with two measurements calculated on the canine teeth, one between the judged cusp tips, and one between the most buccally and laterally placed point on the buccal surface. This second measurement was used to obtain a reading that was, to a large extent, unaffected by attrition of the teeth, which frequently made it difficult to locate the cusp tips of the teeth and especially of the canine.
The mesio-distal lengths of the teeth were also calculated.
In addition, an irregularity assessment was carried out by obtaining the total, threedimensional contact point displacement for teeth in various segments. This followed the work of Little (1975) , who calculated the contact displacements in two-dimensions only. For a well aligned dental segment the contact points of adjacent teeth are coincident and by measur- ing any discrepancy of these contact points, a measure of irregularity is obtained.
Overjet, overbite, and palatal height. For these measurements a sliding caliper with a vernier scale was used. Palatal height was measured perpendicularly from a line joining the distal contact points of the first molars, to the midline of the palate.
Palatal mucosal thickness. As the control sample had mucosa covering the palatal surface and the skulls did not, the average depth of the palatal mucosa was obtained using a bone sounding technique on a series of patients undergoing general anaesthesia for other reasons ( Table 1 ). The method adopted involved obtaining informed consent and whilst under the general anaesthetic, a sharp dental probe was pushed through the palatal mucosa in the midline opposite the distal contact points of the first molars. Firm pressure was used until bone was contacted, a rubber stop was pushed towards the tip of the probe until it made light contact with the palatal mucosa. After removal from the mouth, the distance from the stop to the probe tip was measured using a Vernier caliper. The average thickness of palatal mucosa compared favourably with values found by Keith (1924) , and could then be added to the value obtained for each plaster model.
Error of measurement
All measurements of the two samples were carried out on two separate occasions with approximately 3 weeks between the readings. The method error was investigated using analysis of variance (Mitgard et ai, 1974) . For an acceptable method error, the variance ratio of the difference of the two measurements, taken on two different occasions, should be below 10 per cent of the variance of the first set of measurements. None of the measurements exceeded this percentage.
Statistical analysis
Using a statistical software package (Minitab Inc., Philadelphia, USA) 'box plots' were obtained of the readings for each distance measured and visually examined to check that the data were normally distributed. This appeared to be the case for each distance measured and, therefore, it was judged acceptable to use parametric statistics to analyse the data.
Two sample /-tests were used to identify the level of significance of any difference between the readings for the two samples, medieval and modern.
1. A probability of greater than 5 per cent (P>0.05) was taken as not significant (NS). 2. A probability of less than 5 per cent (P<0.05) was taken as probably significant (*)• 3. A probability of less than 1 per cent (/ > <0.01) was taken as significant (**).
Results
Caliper measurements
As shown in Table 2 , there was no significant difference between the two groups for readings of overjet, overbite, and palatal height, although the skull average values were smaller in every case and overbite difference approached significance at the 5 per cent level.
Arch widths
All measured arch widths were greater in the medieval sample (Table 3) and to a significant extent posteriorly.
Arch lengths
The medieval dentitions had reduced measurements for all arch lengths, with the greatest difference occurring for the midline arch length (Table 4) .
Tooth lengths
All mesio-distal tooth lengths of the ancient group were smaller on average, except the upper right second premolar which was fractionally greater (Table 5) .
Irregularity
The medieval sample had more irregularity, on average, in the labial segments and for the complete arch. The difference reached significance only in the lower labial segment (Table 6 ).
Discussion
It is evident that certain differences arise when the dentitions of the two samples are compared. It should be noted that even though there is a mean difference between the two groups, modern and medieval, there is a wide variation between individuals within their own group. incidents and it is not known if those surviving were selected naturally due to innate resistance to the disease. If this did occur, leaving those of a more robust constitution, there is no evidence that there is a relationship between those advantageous genetic traits of the survivors, and skeletal and occlusal features measured in this research. It is unlikely that irregular or well aligned teeth would be linked with the survival of a bacterial infection and, therefore, this suggests that the proportion of individuals with certain occlusal traits would be similar before and after epidemic.
From this it appears that racial and genetic factors may only have minor consideration in explaining the differences demonstrated in the medieval and modern samples. The environmental influences therefore have to be considered.
Arch widths
The results show that there are statistically significant differences in the widths of both upper and lower arches between the medieval and modern samples. The medieval dentitions are, on average, broader across each part of the upper and lower arches. This difference decreases regularly in the upper arch from 4.98 mm between the first molars to only 1.8 mm between the canine tips. These comparisons are for the average values and it must be remembered that both groups show a wide individual variation. For example, the medieval individual with the lowest intermolar width is narrower than the average for the modern sample. Similarly, the widest intermolar width of the modern individuals is only slightly below the average for the skulls.
Comparison with the work of other authors is difficult due to the various differences in methods of measurement and the landmarks chosen. For the modern sample, comparison with work carried out by O'Connell (1988) on present-day Omani people using identical landmarks found similar widths across the first molars, as did Kang-Lee (1977) for Taiwanese Aboriginals. Wood (1971) found similar intercanine widths as the modern sample in his examination of present day Alaskan Eskimos.
In attempting to explain the greater posterior arch widths seen in the medieval sample consideration has to be given to the fact that a great deal of occlusal and interproximal attrition was seen in the medieval sample and generally this attrition obliterates the buccal cusps of the teeth to some extent. This causes the point registered using the digitizer to be more buccally placed than the true, original cusp tip. In reality, this can only account for an increase in width of 1-2 mm, whereas the medieval sample had arch widths that were on average 5 mm wider in the maxilla across the first molars and 6.8 mm in the mandible. It is therefore likely that another factor is responsible.
The diet in the middle ages has been described by Drummond and Wilbraham (1939) and, more recently, in greater detail by Black (1985) . The basis of the medieval diet was coarse black bread, called maslin, which was made from wheat and rye flour mixed together. Weed seeds were included with any grain and when the harvest was poor, beans, peas, and acorns were used in the cheapest bread. Most country people cooked their own bread, but in the towns professional bakers operated and were notorious for mixing the flour with other substances. Fish was also very important in the diet and for ordinary people this meant salted or pickled herrings, or dried cod, called stockfish. For people living near the coast and for Londoners, oysters and whelks were available cheaply. Meat was less often eaten in the city than it was in the more rural areas and, when it was available, it was salted or pickled.
The diet was generally coarser in consistency than the modern diet, and would therefore need considerably longer and more powerful mastication. The acidic content in the pickled food would also soften the enamel to some extent. This would explain the considerable attrition seen in the medieval teeth and, due to the increased function, could produce more robust and better developed jaws as has been found in investigations of rat diet by Watt and Williams (1951) . This is supported by Luther (1993) examining cephalometrically an almost identical group of medieval skulls as this study, from the same sources. It was found that their mandibles were more acutely angled, with better developed muscle insertions. This may be the result of increased masticatory function, with the medieval individuals needing more masticatory effort to consume their normal diet. Therefore, it seems reasonable to assume that the increased function had a direct effect on the development of the jaws and alveolar processes.
Arch lengths and tooth lengths
All arch lengths measured are shorter in the medieval group. This is probably due to the difference in tooth lengths between the two groups. The medieval teeth, on average, are smaller mesio-distally except for the upper right second premolar in which the difference is negligible (0.04 mm). These differences are slight, varying between 0.63 mm for the upper left central incisor and 0.03 mm for the upper left canine. In the lower jaw, differences range from 0.05 mm for the lower central incisor to 0.12 mm for the lower right canine.
It is probable that these very small differences in tooth width arise from approximal attrition in the medieval skulls, as suggested in the case of Australian Aborigines by Begg (1954) . Lavelle (1968) , comparing tooth lengths between Anglo-Saxons and a present-day sample, found that modern teeth were wider mesio-distally only for the molars, and he speculated that this was caused by evolutionary and functional dietary changes. No mention, however, was made of the extent of tooth attrition in the samples studied.
The longer dental arches in the modern group are probably due to relative lack of interproximal attrition of the teeth in this group, which is a direct result of the nature of the modern diet and the decreased effort needed to masticate. Luther (1993) found in her modern sample, an average increase of 1.6 mm in the skeletal length of the maxilla compared with the medieval sample.
The coarseness and grittiness of the diet is thought to be responsible for the occlusal wear seen in attrition, the interproximal wear is a function of the force used during mastication which allows adjacent teeth to rub against each other (Lombardi, 1982) and is less dependent on its particulate content.
Totals for the entire arch are statistically different for both upper and lower arches between the medieval and modern samples. The mean difference being 4.3 mm in the upper arch and 4.06 mm in the lower (Table 7) . These values are substantially less than the average of 10.56 mm found by Begg (1954) in his work on Australian Aborigines.
Palatal height
Palatal height showed no significant difference between the modern sample and the medieval one, although on average the palate is 0.64 mm deeper (Table 2) . Keith (1924) found a larger difference when he compared a sample of pre-Norman conquest skulls with the dentitions of his medical students. The medieval skulls had an average value of 20.9 mm and the student average was 22.0 mm. Keith allowed a compensation of the mucosal depth in the living subjects of 2.0 mm which is comparable with that calculated in this study. He also expressed the opinion that the skulls were of more uniform palatal dimensions • than those of his modern sample, which appeared to be very variable. Unfortunately, his statistical analysis of the readings is minimal and standard deviations are not given. This present study suggests that there was greater variability in the medieval group for the palatal height, as the standard deviation of the reading was 3.29 compared with 1.85 for the modern group. These results compare well with Lysell (1958) who found a palatal height for his combined sample of Swedish medieval skulls, of 18.44 mm with a standard deviation of 2.7.
As palatal height is measured from the occlusal surface of the maxillary dentition it would be wise to assume that attrition reduces the reading obtained. Murphy (1959) , however, found that this was less than would be expected due to compensatory mechanisms involving increased tooth eruption and alveolar bone growth.
Incisal relationship
Small differences were found between the groups in the overjet (0.35 mm) and the overbite (0.65 mm; Table 2 ) with the medieval skulls having the smaller values and comparable variation. Lysell (1958) found values for his Swedish medieval group of 3.03 and 1.48 mm for overjet and overbite (as compared to 2.32 and 1.92 mm in this study), though his sample contained a greater proportion of juvenile and young skulls, and it is postulated that the incisal relationship commences with larger values for overjet and overbite, and approaches an edge to edge relationship on maturation and attrition of the dentition.
It is also interesting to examine Lysell's work in greater detail as he investigated Scandinavian skulls from a similar medieval period and compared them with modern Scandinavian indiill viduals. Both groups were of predictable genetic composition as invasion by other races was infrequent in Scandinavian history. On comparison of the dentitions he found similar differences between the two groups as in this study.
Irregularity
The anatomical contact point displacements, when considered for all the teeth in the upper and lower arches, showed no significant differences between the two samples, though the total displacements were smaller, on average, in the modern sample (0.48 mm difference in the upper arch and 1.13 mm in the lower, Table 6 ). A similar finding was evident when the contact displacements of the upper labial segment between the mesial contact points of the canines was calculated. The lower labial segment, however, showed greater irregularity in the medieval sample to a statistically significant extent, and this was 1.78 mm on average. This is a surprising finding as it is a popular conception that increased lower incisor crowding is a feature of the modern dentition and not of ancient ones. In addition, the medieval sample showed narrower teeth in the lower labial segment, to an extent of 1.58 mm for the four incisors on average. This is presumably due to increased interproximal attrition in the medieval individuals. This conflicts with Begg's findings in his study of Australian Aborigines, where he found increased interproximal attrition, but with well aligned labial segments. Begg postulated that mesial migration of the buccal segments occurred throughout life, but irregularity of the teeth was prevented by space obtained through interproximal attrition. He also suggested that incipient crowding is necessary to ensure the maintenance of tight contact points between the teeth as interproximal attrition occurs.
Although there were examples of well aligned labial segments in both modern and medieval individuals, these findings suggest that the irregularity of modern teeth is less than those of the medieval period even with reduction of the width of these teeth due to greater interproximal attrition. Examples of marked irregularity in ancient skulls have been noted by other workers, Pederson and Davies (1955) , looking at East Greenland Eskimos, Campbell (1925) , who examined Australian Aborigines. All authors, unfortunately, failed to record this quantitatively.
One possible explanation for this finding, may be that the increased masticatory forces needed to chew the coarser diet also increases the tendency for mesial migration of the teeth. The greater the chewing forces the higher the mesial force vector. The labial segments, to a large extent are restricted from forward movement by the labial soft tissues and imbrication is the result. This explanation is supported by Lombardi (1982) and Wolpoff (1971) .
Conclusions
When the two samples were compared certain differences were found. The modern individuals have a decreased posterior arch width, increased dental arch length, much less occlusal and interproximal attrition, and a smaller amount of tooth irregularity.
A difference in genetic factors between the groups has not been sufficiently demonstrated to be responsible for the changes found. Therefore, it is postulated that change in environmental factors, such as diet and masticatory function, may be the most important considerations.
It would be interesting for further work to be carried out on other groups of skulls using similar measuring methods. The periods of interest would be several hundred years prior to medieval times, and a period between medieval and the present day.
